Quantum Magnets under Pressure: Controlling Elementary Excitations in TlCuCLa 
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We follow the evolution of the elementary excitations of the quantum antiferromagnet TlCuCl3 
through the pressure-induced quantum critical point, which separates a dimer-based quantum disor- 
dered phase from a phase of long-ranged magnetic order. We demonstrate by neutron spectroscopy 
the continuous emergence in the weakly ordered state of a low-lying but massive excitation cor- 
responding to longitudinal fluctuations of the magnetic moment. This mode is not present in a 
classical description of ordered magnets, but is a direct consequence of the quantum critical point. 

PACS numbers: 75.10.Jm; 78.70.Nx; 75.40.Gb 
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Although quantum fluctuations of both spin and 
charge degrees of freedom are the key to the essential 
physics of many challenging problems in condensed mat- 
ter systems, the microscopic control of zero-point fluc- 
tuations has to date remained largely a theoretical ab- 
straction. However, full control over the interaction pa- 
rameters can now be effected in cold atomic condensates 
through the standing-wave amplitudes of the optical lat- 
tice. Similarly, in quantum magnets the exchange inter- 
actions can be controlled by the application of pressure, 
altering the effect of spin fluctuations. We follow this 
approach to investigate the physics of a quantum system 
whose fluctuations are "tuned" in a continuous way. 

The most dramatic manifestation of such control is the 
driving of a quantum phase transition [QPT, Fig. 1(a)] 
between two different ground states Structurally 
dimerized S = 1/2 spin systems offer a particularly clean 
realization both of the magnetic field-induced QPT, 
which has been studied extensively in a number of mate- 
rials , and of the qualitatively different magnetic QPT 
driven by hydrostatic pressure The Hamiltonian 

Tin = y, J(p)Sj,;-Si, r + 2J Jij(p)Si,mSj,m' (1) 
i ij;m,m f =l,r 

contains pressure-dependent Heisenberg interactions 
J(p) for intra- and Jy (p) for interdimer bonds between 
spins (l,r) on dimers i and j. Schematically, stabilization 
of the quantum disordered (QD) phase is driven by spin- 
singlet formation on the dimer units, while a weakening of 
this tendency leaves a renormalized classical (RC) phase, 
whose conventional properties are partially suppressed 
by dimer fluctuations [4j. Because of its extremely low 
critical pressure, Vn = 1-07 kbar [Bj], the pressure-induced 
QPT in TICUCI3 [fj offers a unique opportunity to study 
static and dynamic properties throughout the quantum 
critical regime. Here we determine by high-resolution 
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FIG. 1: (a) Generic phase diagram for a QPT occurring as 
a function of parameter g(p) cx J\ Jij(p)/J(p). For a mag- 
netic QPT, the characteristic energy scales in the QD and 
RC phases are respectively the spin gap A and Neel tem- 
perature Tn, both of which vanish at the QPT. The nature 
of the lowest-lying excitations is given in parenthesis, (b- 
d) Pressure- and temperature-dependence of the magnetic 
Bragg peak intensity at Q = (0 1) in TICUCI3, which is 
proportional to the square of the order parameter m s - 



inelastic neutron scattering (INS) the spin excitation en- 
ergies, spectral weights, lifetimes, and polarizations. 

The QD ground state is a spin singlet with three triplet 
excitation branches, which are fully gapped and, for a 
system with unbroken spin symmetry, degenerate. On 
the RC side but far from the QPT, one has effectively 
an ordered state with a rigid magnetic moment, whose 
key excitations are considered to be only two massless 
spin waves, the Goldstone modes corresponding to trans- 
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verse (phase) fluctuations @, @|. However, the RC phase 
takes on an increasingly exotic nature close to the con- 
tinuous QPT, where the hallmarks of "classical" behav- 
ior are present only as a thin veneer superposed on the 
dimer-singlet background. We will show that a further 
low-lying excitation ispresent in this regime: the missing 
longitudinal mode emerges as the small ordered mo- 
ment becomes increasingly "malleable" on approaching 
the QPT systematically by controlling the applied pres- 
sure. Triplet modes in TICUCI3 have to date been mea- 
sured only with rather coarse resolution, in the QD state 
and deep within the RC phase at 7.3 kbar (p » p c ) 
where the spin structure has also been elucidated 
. Our data now connect these limits, providing un- 
precedented high-resolution information on the evolution 
of the excitation spectra across the QPT. 

High-quality single crystals of TICUCI3, with sample 
mass 1.5 g and a pressure-independent mosaic spread of 
0.5°, are grown by the Bridgman method. The INS ex- 
periments were performed on the triple-axis spectrome- 
ters TASP (SINQ) and IN14 (ILL), working in constant 
final-energy mode with a focusing pyrolytic graphite an- 
alyzer/monochromator and respective horizontal colli- 
mations 50'-open-open-open and open-60'-open-open. 
The instruments were operated respectively at Ef = 3.5 
meV and 3.0 meV, both giving elastic energy resolutions 
of 0.1 meV (full width at half maximum height) across 
the spectral range, and very clean background conditions. 
A cooled Be filter is positioned between the analyzer and 
the sample, which was housed in a He-gas pressure cell 
and in a standard cryostat operating at T > 1.5 K. INS 
measurements detect the components of magnetic fluc- 
tuations in the plane perpendicular to the momentum 
transfer Q. Specifically, points Q = (0 1) and (0 4 0) 
give access to spin fluctuations in all three spatial di- 
rections, and thus for an ordered magnet contain both 
transverse and longitudinal excitations. The extent to 
which the individual mode polarizations are present at 
these wave vectors is determined by the magnetic struc- 
ture of TICUCI3 above p c , and our assignment (below) is 
fully consistent with the results reported in Ref . [10( . 

We touch only briefly on static properties: Figs. l(b- 
d) show the complete pressure- and temperature- 
dependence of the ordered moment, m s , measured 
through the magnetic Bragg peak intensity. A clear 
and continuous onset is visible in Fig. 1(b), showing 
that the QPT is of second order, with a linear pressure- 
dependence [Fig. 1(c)] on the RC side. The temperature- 
dependence shown in Fig. 1(d) is used to extract T^(p) 

Typical INS spectra for the spin excitations in TICUCI3 
are shown in Fig. 2 for a number of pressure values. 
The INS intensities at the band minimum for p < p c 
[Figs. 2(a,b)] show a closing of the gaps: there are two 
resolved excitations, labeled T2 and L. The intensities 
change dramatically on crossing the QPT [Fig. 2(c)], with 
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FIG. 2: INS spectra showing triplet excitations at T — 1.85 K 
and Q = (0 4 0) for four different pressures across the QPT. 
Complementary data taken at Q = (0 1) is shown in (c). 



T2 essentially unchanged, an apparently massless mode 
Ti becoming visible, and L opening a significant gap. 
At high pressures [Fig. 2(d)], the low-lying modes (Ti 
and T 2 ) have unchanged energies, whereas the emerging 
gapped mode L has moved still higher, losing intensity 
and broadening simultaneously. Figure 3 summarizes the 
INS data for the properties of the excitations across the 
QPT, displaying clearly three key features: i) there is 
a low-pressure splitting of the triplet manifold; ii) the 
QPT is a second-order transition to within experimen- 
tal resolution in all quantities measured; iii) the two spin 
waves of the ordered phase, one of which is massive, are 
accompanied by a well-defined longitudinal mode, whose 
properties change continuously with applied pressure. 

Figure 4 presents a complete characterization of the 
longitudinal mode, beginning with the intensity data 
[Fig. 4(a)] obtained from the red peaks shown in 
Figs. 2(c-d), from which the mode energy [Fig. 4(b)], 
integrated intensity [Fig. 4(c)], and full width at half 
maximum height [Fig. 4(d)] are extracted. On moving 
away from the QPT, the mode mass rises monotonically 
[Fig. 4(b)] and its intensity weakens [Fig. 4(c)], indicating 
a larger, stiffer magnetic moment [Fig. 1(c)], and hence 
a reduced effect of quantum fluctuations. The broaden- 
ing is always small compared to the mass, and vanishes 
systematically on approaching the QPT [Fig. 4(d)], sug- 
gesting that the longitudinal mode may be an elementary 
excitation of the ordered system in this regime. 

The fits of excitation energies and intensities in Figs. 3 
and 4 are obtained from a theoretical model based on 
the bond-operator technique 0]. A specific represen- 
tation for the weakly ordered phase is provided by the 
superposition of singlet and triplet states on each dimcr 
bond: the QD state is described by the singlet component 
(|s)), and the properties of the RC phase by an additional 
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FIG. 3: Summary of INS results for the gaps of all three 
triplet excitations as functions of pressure at T — 1.85 K. 
Data for T N (p) from Ref. 0]. Modes L and Ti are degenerate 
within experimental resolution at p < p c . Red symbols show 
the longitudinal mode L at p > p c . Solid and dashed lines are 
theoretical fits. 



triplet component. For the pressure-induced QPT, the 
wave function |<7j) of a dimer may be written as 



cost 



sin Be 



>QAF Ti 



tz) 



(2) 



where 9 increases monotonically with pressure from at 
p = Pc to 7r/4 for perfect antifcrromagnctism, Qaf is the 
ordering wave vector, and rj the position of dimer i. The 
triplet mixing coefficient sin (9 is the sole parameter de- 
termining all the physical properties of the ordered state 
(Tn(p), m s (p) = gfj,B sin 9/^/2, Al(p)), and is specified 
entirely by the pressure evolution of the superexchange 
parameters. The emergence of the longitudinal mode is 
contained naturally in this theoretical framework. 

The problem of modeling hydrostatic pressure effects 
in TlCuCi3 is underconstrained. We have fitted the data 
by assuming both an increase of J 2 (an interdimer cou- 
pling in the a-c plane and a reduction of J. Ei- 
ther change in isolation acts to close the gap and to al- 
ter the dispersion, making this linear at the band min- 
imum at the QPT, where a perfectly SU(2)-symmetric 
system would have three spin waves. The evolution of 
the mode gaps at p < p c , and the ordered moment 
and longitudinal mode gap at p > p c , are reproduced 
with the functional forms J(p) = J + Aqp + Bop 2 , 
hip) = J 2 + A 2 p + B 2 p 2 . The exponents of the tran- 
sition are dictated by the linear terms, which were taken 
as A 2 = — Aq = O.OOGGOkbar^ 1 , while the quadratic coef- 
ficients B2 = —Bo = 0.00109kbar~ 2 were also necessary 
to ensure an adequate fit. 

Similarly, the anisotropic interactions required to ac- 
count for the experimental observations may reside on 
the dimer bonds, on the interdimer bonds, or on both. 
In a minimal model where only J is anisotropic, one 
may define uni- and biaxial anisotropy parameters J xx 
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FIG. 4: Longitudinal mode in the pressure-controlled RC 
phase, (a) INS intensity as a function of energy for predomi- 
nantly longitudinal fluctuations (red peaks, Fig. 2) measured 
at Q =(0 4 0). (b) Longitudinal mode gap Al(p): the black 
curve obtained from the theoretical description has a square- 
root form, Al(p) oc (p — pc) 1 ^ 2 . (c) Integrated scattering in- 
tensity, which is inversely proportional to the gap for p > p c . 
(d) Full width at half maximum height: here the black line is 
a guide to the eye, with fitted exponent <f> = 0.5 ± 0.1. 



and J yz by J x — J + J xx , J VtZ 



= J ± J yz . The con- 



clusions obtained using interdimer exchange anisotropy 
are qualitatively identical. The excitation gaps are very 
sensitive to this anisotropy, which can thus be deduced 
with extremely high precision from the INS data. The 
low-pressure data show two resolved mode energies, the 
best fit giving gaps A = 0.65 meV and 0.79 meV. The 
separation of the upper mode (T2) is reproduced by an 
easy-plane, uniaxial anisotropy J xx = 0.008 J for pure in- 
tradimer anisotropy [J xx — — 0.004J' for pure interdimer 
anisotropy). At p > p c we observe (a) one massive "spin- 
wave" (transverse, T 2 ) mode with gap A = 0.38 meV, (b) 
one nearly massless transverse mode (Ti) with fitted gap 
0.023 meV, and (c) one excitation which becomes higher- 
lying away from p c (L). (a) The gap of T2 is in good 
agreement with the value 0.8% (—0.4%) for the uniaxial 
anisotropy component deduced at p < p c . (b) The data 
correspond to a biaxial anisotropy of 0.002% (-0.001%), 
a value impossible to resolve at p < p c , and are more ap- 
propriately considered as setting an effective upper limit 
on the possible mass of Ti. (c) The longitudinal mode 
shows a characteristic pressure evolution where the gap 
scales with the ordered moment and Neel temperature, 
following precisely the parameter-free fit in Fig. 4(b). 
The data is consistent with the same anisotropy for all 
pressures, and its value with that deduced from electron 
spin resonance measurements 
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The field-induced QPT, because it involves a U(l)- 
symmetric order parameter and quadratically dispers- 
ing bosons, has been described as a Bose-Einstein con- 
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densation (BEC)of the single magnon mode which be- 
comes massless |2J. Even for precisely uniaxial exchange 
anisotropy, the pressure-induced transition, where the 
magnon dispersion is linear, cannot qualify as a BEC 
and has the scaling exponents of a different universal- 
ity class. However, from the structure of the theoret- 
ical description, the ordered phase remains a "conden- 
sate of magnons". In a further (related) contrast, at 
the pressure-induced QPT the Goldstone modes are ex- 
plicitly those triplets not mixing with the singlet, while 
the linear singlet-triplet combination orthogonal to the 
ground state [Eq. (2)] becomes massive. 

Evidence for longitudinal excitations in quantum mag- 
nets has been reported in structures including the S = 1 
chain compound CsNiCFj [13] and the S — 1/2 chain 



systems KCUF3 [13j and BaCu2Si207 [14] . However, 
the nature of the excitation spectra in these quasi-one- 
dimensional materials, which are dominated by a spinon- 
like continuum, is ambiguous to the extent that the ex- 
istence of the longitudinal mode has been called into 
question [3] on the grounds that it may decay into spin 
waves. Our continuous control of the ordered state allows 
a fully systematic approach to p c , and it is clear that the 
longitudinal mode shows no sign of a divergent decay at 
the QPT [Fig. 4(d)]. In fact the fitted exponent of the 
decay as a function of pressure, <p = 0.5 ±0.1, matches 
closely the exponent of the gap. For strict equality, the 
mode could not be called truly elementary, but would 
be best described as " critically well-defined" . That the 
mode should have precisely this nature at the QPT in a 
three-dimensional system was deduced in Ref. [151 ] from 
the fact that 3 + 1 is the upper critical dimension in this 
case. Further measurements over a range of temperatures 
are required to verify whether this result is a genuine ex- 
ample of quantum critical dynamics. 

Our results have a direct connection to the properties 
of many other quantum spin systems with strong fluc- 
tuation phenomena and partially or entirely suppressed 
magnetism 0] . Excitation spectra have been measured in 
cases including the S = 1 (" Haldane" ) chain and two-leg 
5=1/2 ladder (both QD), and the 5=1/2 square lattice 
(RC, [l6(). The QD state of most interest in quantum 
magnetism is one where the singlets are no longer local- 
ized, the resonating valence-bond (RVB) state. While 
positional resonance may be the mechanism for suppres- 
sion of order in some highly isotropic models, low-lying 
triplet states are a generic feature of any system near 
a magnetic QPT. Excitation spectra in the RVB frame- 
work have been discussed explicitly for the square lat- 
tice [13], and the same approach to other models would 
reveal emergent low-lying modes in RVB states. This 
type of investigation may be realized not only in spin 
systems under pressure, for example in the highly frus- 
trated kagome geometry [l8|. but also in cold fermionic 
systems on optical lattices [l9(. Finally, several theories 
for high-temperature superconductivity are based on the [20] 



existence of a QPT 0, [2(| occurring as a function of hole 
doping. Our results deliver the clear message that a com- 
plete account of the excitation spectrum is an integral 
part of establishing the validity of such a scenario. 

In summary, we have performed high-resolution neu- 
tron spectroscopy on the quantum antifcrromagnet 
TICUCI3 over a range of applied pressure values across 
the magnetic quantum phase transition. We demonstrate 
the continuous evolution of the spin dynamics and drive 
the emergence of a critically well-defined longitudinal ex- 
citation (amplitude mode) of the ordered moment in the 
renormalized classical phase. A theoretical framework is 
developed which describes the measured excitations in 
all regions of the phase diagram. We use this systematic 
experimental control of the quantum state to illustrate in 
every detail the profound connection between the excita- 
tions of phases separated by a quantum critical point. 
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